Abstract Genetic polymorphisms in the methylene tetrahydrofolate reductase (MTHFR) gene have been associated with the development of acute leukemias and various malignancies. The role of MTHFR polymorphism in the development of pediatric acute lymphoblastic leukemia (ALL) has been extensively studied among north Indians in various settings, yet its association with acute leukemias remains unresolved. To evaluate the relationship between functional MTHFR polymorphisms, C677T and A1298C and possible effect on risk of ALL in adults and children in North Indian population by comparing them with healthy controls. DNA was isolated from peripheral blood of 184 ALL patients (33 adults, 151 children) and 155 controls and analyzed by a PCR-restriction fragment length polymorphism assay. The frequency of MTHFR 677CT and 1298 AC genotypes were significantly lower among adult ALL cases when compared to the controls. We found a 1.74-fold reduced risk of ALL in individuals with 1298AC polymorphic variant and a 9.17-fold decreased risk of adult ALL. However, no statistically significant difference was evident between the above polymorphisms and susceptibility to ALL in children. Polymorphisms in the MTHFR gene possibly modulate risk of ALL in north Indian adults but not in children, although larger studies are needed.
Introduction
Acute lymphoblastic leukemia (ALL) is a heterogeneous group of lymphoid disorders that arise from rapidly proliferating clones of hematopoietic cells having high requirements for DNA synthesis. The frequencies of the different subtypes of ALL have been related to age, ethnicity and social conditions in different countries. ALL has a bimodal age distribution: an early peak at approximately age 4-5 years followed by a second gradual increase at about 50 years. ALL, the most common childhood acute leukemia, representing about 80 % of acute leukemia, however, makes up only 20 % of adult acute leukemia. Though much progress has been made in understanding the diagnosis and therapy of this malignancy, the cause of ALL remains largely unknown. The development of ALL involves an interaction between genetic and environmental factors.
Lymphoid malignancies arise as a consequence of point mutations, chromosomal rearrangements and epigenetic alterations in hematopoeitic cells. Defects or polymorphisms in the genes of the folate dependent enzymes and deficiencies of micronutrients may influence cancer susceptibility. The methylenetetrahydrofolate reductase (MTHFR) gene is located at the end of the short arm of chromosome 1 (1p36.3) [7] , and the encoded protein, MTHFR, is a key enzyme in folate metabolism. It converts 5,10-methylenetetrahydrofolate (methyleneTHF), a donor for methylating uridylate (dUMP) to thymidylate (dTMP) in DNA synthesis, to 5-methyltetrahydrofolate (methylTHF), the main circulatory form of folate that provides a methyl group for homocysteine methylation [1] [2] [3] [4] [5] .
C677T and A1298C are two well described, commonly occurring polymorphisms in the MTHFR gene. Both variants have an impact on enzyme function: 677T affecting the catalytic and 1298C the regulatory MTHFR domain. Increased thermolability and reduced enzyme activity has been observed in 677TT and 1298CC homozygotes, and to a lesser extent in heterozygous individuals [1, [3] [4] [5] . A number of studies have reported protective effects of these common polymorphisms of the MTHFR gene in ALL, both in children and adults [2, [6] [7] [8] [9] . One study has suggested that the effect of MTHFR polymorphisms on the risk of ALL may depend on folate status [2] .
The lower MTHFR activity leads to increased plasma levels of homocysteine and reduced methylTHF formation particularly in folate-deficient states. This contributes to an increased pool of methyleneTHF, the methyl group donor for the conversion of dUMP to dTMP at the expense of a decreased pool of methylTHF. It is thought that lower MTHFR activity might favour optimal DNA synthesis by reducing uracil misincorporation rate, a potential cause of double-strand breaks and consequently chromosomal alterations during the uracil excision repairing process [1, 6, 7, 10] . This chromosomal damage may be sufficient to initiate ALL progression through the malignant transformation and clonal expansion of lymphopoietic progenitor cells [1] . The role of MTHFR variants in a number of disorders, involving disturbances in folate metabolism, such as neural tube defects, Down syndrome, venous thrombosis, eclampsia, inflammatory bowel disease, and susceptibility to colonic cancer and lymphoid malignancies, is well documented [1, 2, 11, 12] .
The role of MTHFR polymorphism in the development of childhood ALL has been extensively investigated in the past decade with conflicting results [7, 8, [13] [14] [15] [16] [17] . Some investigators reported that both 677T and 1298C decreased the risk of ALL in children and adults [2, [6] [7] [8] [9] whereas others failed to confirm such an association [15, [17] [18] [19] [20] . To date, several studies from India have attempted to correlate the association between MTHFR polymorphism and childhood ALL but has yielded discordant reports [14, [21] [22] [23] . In view of this, the present study, proposes to evaluate the possible relationship between functional MTHFR polymorphisms, C677T and A1298C and risk of ALL in adults and children in the North Indian population by comparing them with healthy controls.
Materials and Methods

Patients and Samples
The study included 184 consecutive and unrelated ALL patients.(male/female ratio-2.5:1 median age-8 years, range 0.4-55 years) All patients presented to the Department of Hematology, All India Institute of Medical Sciences, New Delhi, between June 2005 and July 2010. All patients were diagnosed according to standard methods including blood picture, bone marrow, cytochemistry for myeloperoxidase, Sudan black B and periodic acid-Schiff testing and immunophenotyping. Immunophenotyping was done for all cases by indirect immunoflorescence technique. Written consent was obtained from all patients (in case of small children consent was obtained from guardians) as well as the controls as per the institutional guidelines. Controls comprised of healthy individuals randomly selected from hospital staff, students or normal controls required by the department for coagulation tests. The controls were not necessarily North Indians.
Analysis of the MTHFR 677 and 1298 Genotypes
Genotype Analysis
Peripheral blood sample anticoagulated by EDTA were obtained from cases and controls by vein puncture. The mononuclear cell layer was separated on Ficoll Hypaque and DNA was isolated by using a simple proteinase K treatment, followed by phenol-chloroform extraction and ethanol precipitation. Polymerase chain reaction/restriction fragment length polymorphism (PCR/RFLP) method was used for genotyping MTHFR C677T and A1298C polymorphisms, as described previously [1] . For nucleotide C677T, specific amplified PCR fragment was subjected to restriction digestion with Hinf1 and the digested PCR products were checked on 2 % agarose gel (Fig 1) . For nucleotide A1298C, specific amplified PCR fragment was subjected to restriction digestion with MboII and the digested PCR products were checked on polyacrylamide gel electrophoresis (PAGE) (Fig 2) .
Statistical Analysis
All analyses were performed by using STATA. Independent T test and Wilcoxon rank-sum (Mann-Whitney) test were applied to find out if there was any difference in age between cases and controls. Pearson Chi square and Fisher's exact test were applied to find if there was any difference in sex between cases and controls (when cell frequencies were\5, exact methods were used to compute the risk estimates). Odds ratios and 95 % confidence intervals were computed by using conditional logistic regression (univariate and multiple regression analysis as applied).
Results
Of the 184 cases of ALL, 33 were adults ([15 years) and 151 were children (\15 years). Among the adults, 67 % were male, with a mean age of 29.4 years (SD = 15.5, median = 24 years), among children 73 % were male, with a mean age of 6.9 years (SD = 3.8, median = 6 years). Based on immunophenotyping 89 % patients were categorized as B-lineage and 11 % as T-lineage ALL. No significant differences in the MTHFR 677 and 1298 mutant frequencies were observed between these groups. Therefore, B-lineage and T-lineage ALL were considered as a single group for this analysis.
Among the 184 patients diagnosed with ALL, the MTHFR 677 polymorphic allele frequency was 20.38 % compared with 21.29 % among the 155 control subjects. For MTHFR 1298, we observed a polymorphic allele frequency of 35.87 % in the cases and 40.00 % in the controls. The observed frequencies in the controls and patients for MTHFR 677 and 1298 were in accordance with HardyWeinberg laws of equilibrium.
MTHFR 1298AC polymorphic variant was underrepresented among the patients when compared with controls (42.39 % vs. 55.48 %), conferring a 1.74-fold decreased risk of ALL among subjects with the 1298AC variant of MTHFR relative to 1298AA (OR = 0.574, adjusted OR = 0.540, 95 % CI = 0.359-0.916, adjusted 95 % CI = 0.334-0.873, P = 0.020 adjusted P = 0.012). No difference was observed in the distribution of MTHFR 677 between cases and controls and hence no such protective effect was seen for this polymorphism.
We next investigated the joint effects of the two polymorphisms and found that individuals with the 677CC/1298AC variant had a 1.96-fold decreased risk of developing ALL (OR = 0.847, adjusted OR = 0.449, 95 % CI = 0.394-1.82, adjusted 95 % CI = 0.236-0.855, P = 0.034, adjusted Among the 33 adult patients diagnosed with ALL, the MTHFR 677 polymorphic allele frequency was 15.15 % compared with 24.14 % among the 58 control subjects. For MTHFR 1298, we observed a polymorphic allele frequency of 24.24 % in the cases and 45.69 % in the controls. The genotype frequencies of MTHFR 677CC, 677CT, and 677TT and MTHFR 1298AA, 1298AC, and 1298CC are listed in Table 1 .
MTHFR 1298AC heterozygotes were underrepresented among the patients when compared with controls (18.18 % vs. 60.34 %), as was the MTHFR 677 CT variant (18.18 % vs. 37.93 %) suggesting a protective effect of these variants. We observed a 9.17-fold decreased risk of adult ALL among subjects with the 1298AC variant of MTHFR relative to 1298AA (OR = 0.109, adjusted OR = 0.104, 95 % CI = 0.036-0.326, adjusted 95 % CI = 0.034-0.318, P = 0.000) and a 2.88-fold reduced risk in individuals with 677CT variant of MTHFR relative to 677CC when adjusted for sex (adjusted OR = 0.347, 95 % CI = 0.121-0.996, P = 0.05).
On investigating the joint effects of the two polymorphisms as shown in Table 2 , we found that a 17.86-fold decreased risk of adult ALL in individuals with the 677CT/ 1298AA variant (OR = 0.056, 95 % CI = 0.012-0.241, P = 0.02), a 5.95-fold reduced risk in those with the 677CC/1298CC combination (OR = 0.19, 95 % CI = 0.02-1.52, P = 0.027), a 6.80-fold decreased risk in those with the 677CC/1298AC polymorphism (OR = 0.147, 95 % CI = 0.026-0.810, P = 0.00), and a 23.81-fold reduced risk in those with the 677CT/1298AC variant (OR = 0.042, 95 % CI = 0.007-0.250, P = 0.001) when using 677CC/1298AA as the reference group. There was evidence of statistical interaction between MTHFR 677 and MTHFR 1298 (v 2 = 24.432, P = 0.000) and we did observe linkage between the two; namely, all cases and controls with the 677TT genotype had the 1298AA genotype, and very few with the 1298CC genotype had 677CT genotype. There was total absence of the double-homozygous mutants.
Prevalence of the MTHFR 677 and 1298 Genotypes in Children with ALL and Controls Among the 151 children diagnosed with ALL, the MTHFR 677 polymorphic allele frequency was 21.52 % compared to 19.59 % among the 97 control subjects. For MTHFR 1298, we observed a polymorphic allele frequency of 38.41 % in the cases and 36.60 % in the controls. The genotype frequencies of MTHFR 677CC, 677CT, and 677TT and MTHFR 1298AA, 1298AC, and 1298CC are listed in Table 3 .
No difference was observed in the distribution of MTHFR 677 and 1298 between cases and controls; hence no such protective effect was seen for these polymorphisms.
On investigating the joint effects of the two polymorphisms as shown in Table 4 , no protective effect was seen for either polymorphism. Although there was no evidence of statistical interaction between MTHFR 677 and MTHFR 1298 (v 2 = 3.275, P = 0.908), we did observe linkage between the two as there were very few cases and controls with the 677CT/1298CC, 677TT/1298AA, and 677TT/ 1298AC genotypes.
Discussion
MTHFR, methylenetetrahydrofolate reductase, uses 5,10MTHF (methylenetetrahydro-folate) as substrate to form 5-MTHF (methylhydrofolate) [2] .Common polymorphisms in MTHFR are 677C [ T and 1298A [ C. These polymorphisms were associated with a reduced enzymatic activity of MTHFR in a number of studies [3, 4, 6, 8] . The mechanism proposed to explain these associations was the shunt of folate metabolism verses thymidine and purine synthesis, which would slow the incorporation of uracil into DNA and protect against carcinogenesis.
Epidemiological data on polymorphism-disease association in ALL is limited among Asians, unlike the large cohort studies in Western population. The differences among different groups, including our data, reflect the expected ethnic variability between different populations. The frequency of MTHFR C677T allele among our population is similar to those of other Asian studies however; it was lower than those reported by others [2, 6, 8, 15] .
As regards the frequencies of MTHFR 1298 allele, our results are in concordance with those of other populations [1, 14] . However, Filipino population had a lower frequency of A1298C. The differences among different groups, including our data, reflect the expected ethnic variability between different populations.
Several case control studies have been conducted to investigate the presence of a relationship between gene variants and the impact of MTHFR polymorphism as a risk modifier in susceptibility of ALL. Most of the studies showed a protective effect of the enzyme variants [1, 2, 4, [6] [7] [8] [9] 20] while others failed to detect such results [13, 15, 18] . Some studies have reported significant increased risk of childhood ALL with MTHFR gene variants [16, 17, 19] . Studies carried out among the Indian pediatric population also reveal conflicting results. Sood et al. [21] and Reddy et al. [14] reported the genotype 677CT to be significantly associated with an elevated risk of ALL whereas, Sadananda et al. [22] and Nikbakht et al. [23] found no significant difference in susceptibility to ALL. Our results for the genotype 677CT are in line with the finding of Sadananda et al. and Nikbakht et al. For MTHFR 1298AC Reddy et al. found an elevated risk of ALL, however, Sood et al. and Sadananda et al. did not find any significant difference in susceptibility to ALL. In the present study, we found a statistically significant reduced risk of ALL in a small group of 33 adult patients with the 1298AC genotype (P = 0.020) although, . Thus, analysis of the combined genotype frequencies of both polymorphisms showed that MTHFR variants 677CC/1298AC, 677CC/1298CC, 677CT/ 1298AA and 677CT/1298AC were significantly higher in controls as compared to adult ALL patients suggestive of a protective role. This is in agreement with the results of Skibola et al. [1] , who found an OR of 0.23 (95 %CI = 0.06-0.81) for MTHFR 677 TT homozygous state and the OR for heterozygous and homozygous MTHFR A1298C were 0.33 (95 % CI = 0.15-0.73) and 0.07 (95 % CI = 0.00-1.77) respectively. In their study the joint effect of the two polymorphisms was found in cis form and the total absence of the double-homozygous mutants. This is in concordance to our study and as reported by skibola et al. [1] .
We also observed the protective effect of A1298C variant higher than that of C677T. This may be partly explained by the fact that T677 and C1298 exert their action by different mechanisms. The Ala222Val replacement is located in the region encoding the N-terminal catalytic domain, whereas Glu429Ala substitution resides within C-terminal SAM regulatory domain of the enzyme. It has been shown that SAM inhibits MTHFR and that this feedback loop is essential for methyl group biogenesis and prevention of methyleneTHF depletion. SAM-insensitive MTHFR, on the other hand, is expected to direct more onecarbon units to methylTHF and hence to SAM synthesis. It is thus possible that C1298 variant might affect this regulation and, as suggested by Wiemels et al. [7] , act through a different pathway than T677, leading to a prevention of aberrant methylation pattern.
In contrast to our data, there are studies who have not found any association between the two variants of MTHFR and risk of ALL in adults [13, 18] . Similarly, Schnakenberg et al. [15] reported the same in children. Several studies reported that the MTHFR variants 677 and 1,298 are associated with an increased risk of childhood ALL [16, 17] . However, one study by Kim et al. reported the increased susceptibility of ALL in adults with only 677 MTHFR variant. In our study, we observed an association between MTHFR variants and ALL in adults but not in children. A plausible cause for this may be that mothers of the children with ALL took folate supplementation which is part of the prenatal services during pregnancy in India, and, adequate folate levels negates the effect of MTHFR polymorphic variants in children with leukemia [2] . More conceivable would be the relation between the folate status and genotype in adult ALL, where folate status might be much more conditional to the subject's own genotype and folate intake.
The above reported case-control studies exhibit similarities as well as discrepancies. Various reasons have been cited for these apparently conflicting results. The controversy in the literature has been attributed to many factors including sample size, age group and ethnic variability. This necessitates that such studies have to be performed locally in each community in order to detect population at risk and potential environmental hazards. Furthermore, different MTHFR polymorphisms may exhibit differential impact on the risk of leukemia in different populations due to different genotype frequencies of polymorphisms, differences in genetic background, gene-environment interactions such as diet, nutritional intake of folate, gene-gene interactions, and differences in the etiology of adult as opposed to childhood leukemia.
In conclusion, we report similarities and variability in the relative frequencies of MTHFR. Our study represents another attempt at unraveling the putative mechanisms of leukemogenesis in acute leukemia. We found a decreased risk of ALL in adult patients with MTHFR polymorphic variant C677T, although the number studied was only thirty-three. No significant association was found between the genetic polymorphisms in susceptibility to childhood ALL. Thus, we observed that MTHFR variants may not be the markers for the progression or the development of childhood leukemia and could not be used as treatment strategies for childhood ALL. Our results need confirmation by other larger studies; further well designed studies including folate level measurements as well as larger sample size are required to evaluate the interactive effects of folate intake and genotype in the etiology of ALL. Role of gene-gene and other gene-environment interactions in leukemogenesis also need to be examined.
